We have discovered two genes, RSRC1 and ARHGAP18, associated with schizophrenia and in an independent study provided additional support for this association. We have both discovered and verified the association of two genes, RSRC1 and ARHGAP18, with schizophrenia. We combined a genome-wide screening strategy with neuroimaging measures as the quantitative phenotype and identified the single nucleotide polymorphisms (SNPs) related to these genes as consistently associated with the phenotypic variation. To control for the risk of false positives, the empirical P-value for association significance was calculated using permutation testing. The quantitative phenotype was Blood-Oxygen-Level Dependent (BOLD) Contrast activation in the left dorsal lateral prefrontal cortex measured during a working memory task. The differential distribution of SNPs associated with these two genes in cases and controls was then corroborated in a larger, independent sample of patients with schizophrenia (n = 82) and healthy controls (n = 91), thus suggesting a putative etiological function for both genes in schizophrenia. Up until now these genes have not been linked to any neuropsychiatric illness, although both genes have a function in prenatal brain development. We introduce the use of functional magnetic resonance imaging activation as a quantitative phenotype in conjunction with genome-wide association as a gene discovery tool.
Introduction
The genetic aspect of neuropsychiatric disorders, such as schizophrenia, bipolar disorder and autism, is often initially determined through linkage studies which can point to areas of the genome linked to the disorder (for example, references [1] [2] [3] [4] [5] ). Combining this approach with known molecular functions of the genes in the linkage areas identifies likely genes that can then be specifically tested in case-control designs. Although useful, this method depends on current knowledge regarding genes found in the linkage area; it greatly limits the potential genes studied, both in number and mechanism.
Genome-wide association studies (GWAS) allow the identification of genes whose relationship with the disease phenotype has not even been hypothesized. Genome-wide association techniques have developed exponentially in the past few years; current chips allow 100 000-1 000 000 single nucleotide polymorphisms (SNPs) to be assessed in an individual. GWAS offer enormous promise in identifying genetic variation involved with illness and its response to treatment (for example, Ozaki et al.; 6 Klein et al. 7 ) by allowing all areas of the genome to be considered. However, as the number of potential genetic variations under study increases, making it more likely to find the important variations, so does the likelihood of spurious findings. Solutions to this statistical problem have been to increase the sample size to tens of thousands, or more; to increase the significance threshold astronomically; or to limit the number of SNPs considered to a handful of a priori determined candidates. 8, 9 We suggest that use of a quantitative trait (QT) as the phenotype, rather than a categorical case-control design, has considerably greater statistical power, thereby reducing the sample size needs in a GWAS by many fold. 10 Functional MRI reflects neural activation while performing tasks and has been clearly shown to reflect neuropsychiatric dysfunction. [11] [12] [13] [14] [15] Imaging Genetics is the emerging field that integrates genetic and neuroimaging data, usually through candidate gene approaches. [16] [17] [18] [19] [20] The integration of the quantitative imaging phenotype analysis with GWAS is the basis of our approach to Imaging Genetics. This approach both directly addresses the candidate gene limitations with a genome-wide scan, and has the increased statistical power of QT analysis coupled with the sensitivity of imaging to reflect brain function.
We use differential brain imaging activation patterns as the starting point in Imaging Genetics analyses, based on the assumption that brain imaging will reveal important pathophysiological differences. We then determine the impact of genetic variation on these brain activation phenotypic patterns, to identify genetic influences potentially key to understanding the pathophysiology. In this way, we use a QT as a marker for the neuropsychiatric dysfunction, and gain the statistical power of using a QT while targeting a phenotype that separates the population of interest from the control population. The differential brain imaging patterns can be either be chosen from the literature or empirically determined within the study. We chose activation in the dorsolateral prefrontal cortex (DLPFC) for this study because of the extensive literature implicating it in schizophrenia. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] The use of QTs with a comprehensive genome-wide scan has not been commonly applied to neuropsychiatric disorders, perhaps because of difficulty in determining the QT. A notable exception was the discovery of Kidney and Brain Protein (KIBRA) using memory performance as the QT, based on quartile ranking in verbal episodic memory, in a genomics scan of pooled DNA. 31 Recently, Almasy et al. 32 used cognitive function as a QT in a family study of schizophrenia with 386 microsatellite markers. Neuroimaging has been used to reveal the function of candidate genes, for example COMT, 33, 34 using studies designed to begin with a specific gene and explore its effects on various phenotypes. Brain imaging has been used to study the function of a number of other genes such as 5HTTR transporter, DRD4, DRD1, HTR3A, TPH2 and MAOA 20, [35] [36] [37] [38] and genes associated with schizophrenia including NRG1, RGS4, COMT, GRM3, G72, DISC1 and BDNF. 16, 18, 19, 39 In functional neuroimaging studies of neuropsychiatric patients and healthy controls, differential activation in regions of interest (ROI) or putative circuits can be identified. We limit our imaging phenotypes to these areas-in this case, left DLPFC (BA46)-and then examine the function of individual genetic variation on these phenotypes at an individual level, that is, how each SNPs predicts activation in the DLPFC. Our approach reverses the candidate gene strategy: Rather than beginning with a specific candidate gene as a grouping factor and searching for differences in neuroimaging results within groups, we begin with brain imaging as a phenotype and determine the SNPs that influence that phenotype.
We implemented this Imaging Genetics approach in a small, discovery sample. This combination of genome-wide exploration with a quantitative imaging phenotype led to the identification of two genes, RSRC1 and ARHGAP18, not previously associated with schizophrenia or other brain disorders. To support our findings and to validate our method of gene discovery we conducted a case-control association study in a new sample of schizophrenia patients and healthy controls. SNPs representing these two genes were verified in this sample.
Materials and methods

Subjects
The discovery sample consisted of 28 chronic schizophrenic patients diagnosed according to Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) criteria by a Structured Clinical Interview for Diagnosis (SCID). 40, 41 A total of 75% of the patients were right handed. The average age was 43 years (range 27-60 years old). The mean duration of illness was 13.6 years (range 1-32 years). All were treated with stable doses of atypical antipsychotic drugs, all except two with conventional antipsychotic agents. See the Supplementary Materials for additional patient characteristics.
The corroborative sample consisted of 82 subjects with chronic schizophrenia and 91 controls overall matched for gender and age, also diagnosed according to DSM-IV criteria with a SCID interview. This was part of a larger cohort collected by the Functional Imaging Biomedical Informatics Research consortium (FBIRN). A total of 89% of both groups were right handed. The average age was 38 (range 18-61 years) and 36.2 (range 18-65 years) years of age for the subjects with schizophrenia and the controls, respectively. The mean duration of illness was 14.3 years (range 2-43 years). All were treated with stable doses of antipsychotic drugs. This sample is typical of chronic schizophrenic patients in treatment with a moderate degree of stable symptoms (Supplementary Materials).
fMRI methods (also see Supplementary Materials) fMRI scanning. All subjects in the discovery sample were scanned on a 1.5 T Phillips (Picker Eclipse) scanner using a T2*-weighted gradient echo sequence, during which the subjects performed three runs of a Serial Item Recognition Paradigm (SIRP). 27 The SIRP task included two memory loads (2 digits and 5 digits to remember) and a control condition (left and right pointing arrows, to control for movement activations), each in a blocked design. In the baseline condition blocks, subjects were presented a series of arrows and asked to indicate the direction in which the arrow pointed (left or right). In both memory load conditions blocks, subjects were presented with a set of numbers (presented simultaneously for 5 s) then presented with a series of 10 probe trials each consisting of a single number presented for 2 s. Subjects indicated whether the probe was in the memory set of numbers or not. The memory sets were different in every block and every run. Each run was 240 s long and consisted of nine blocks, beginning and ending with a baseline condition block.
fMRI analyses
The first two images of each scan were deleted to allow for saturation effects. The remaining functional magnetic resonance imaging (fMRI) data for each scan were motion-corrected, normalized to a standard space, smoothed using an 8-mm FWHM Gaussian filter, and analyzed using SPM2 (http://www.fil.ion. ucl.ac.uk/spm/), using the canonical HRF. The General Linear Model (GLM) modeled the effects of the low and high memory load relative to the control condition. The contrast of interest compared the high memory load against the low memory load. The voxel-wise analysis was performed on each subject to provide a subject-specific measure of BOLD signal change.
The primary ROI, the left DLPFC, and 11 areas with neuroanatomical connections to the DLPFC and 2 control areas were defined by sampling the digital Talairach atlas developed by Lancaster et al. 42 in coordination with the NIH/NIMH Human Brain Project. A summary statistic for each atlas determined region was calculated for each subject (a mean b-value across all the voxels in each ROI for the high memory load > low memory load contrast). These summary statistics, reflecting differential imaging signals, were used as the initial imaging phenotypes. The left DLPFC was defined a priori as the primary dependent variable given the extensive literature implicating it in schizophrenia. [21] [22] [23] [24] [25] [26] [27] [28] [29] The 11 other ROI and 2 control ROIs were secondary dependent variables chosen to address the biological plausibility of the DLPFC findings.
Genotyping methods
Discovery sample. Genotyping of the discovery sample was performed by the Broad Institute (http://www.broad.mit.edu/gen_analysis/genotyping/) with the Illumina Infinium Human1 chip. This provided a total of 105 950 autosomic SNPs. Samples successfully genotyped in less than 90% of markers on either array were excluded from analysis. We removed 5297 SNPs with missing genotypes > 10% across subjects and 2117 SNPs with minor allele frequency (MAF) < 1% that partially overlapped with the previous category. After removal of SNPs that did not pass the quality assurance measures we had 98 648 SNPs to analyze, with a global mean call rate of 98.2%. This GWAS analysis identified two genes described in 'Results'. To further characterize these two genes additional SNPs were genotyping with the HumanCNV370-Duo Bead Chip performed by the Laboratory for Genetic Epidemiology of Complex Traits of the University of Milan. The choice of this platform was based on cost-effective considerations.
Corroborative sample. Corroborative samples for RSRC1 and ARHGAP18 genes were assayed with the Illumina Infinium HumanHap300 Bead Arrays for cost effectiveness and Taqman SNP Genotyping Assay (Applied Biosystems, Foster City, CA, USA) for those RSRC1 and ARHGAP18 markers selected for confirmation that were not present on the HumanHap300. Quality assurance criteria were the same as applied to the discovery sample WGS. Six RSRC1 SNPs and one ARHGAP18 SNP were genotyped by Custom Taqman SNP Genotyping Assay (Applied Biosystems; see Supplementary Materials for details).
Stratification.
To correct for possible population stratification in our sample(s) we used the program EIGENSTRAT 43 that controls for the risk of stratification by performing a principal component analysis with the highest possible number of available SNPs. We thus used the entire set of SNPs (described above), as suggested by the method, and additionally performed a parallel analysis using a subset of SNPs 18 036 that (1) were not in linkage disequilibrium (LD) to each other, (2) showed a MAF > 0.30 and (3) were not in chromosomal regions previously known to be related to schizophrenia. With both approaches, our samples did not show evidence of stratification.
QT statistical analyses on the discovery sample For each of the SNPs of the Human1 Bead Array and the additional RSRC1 and ARHGAP18 SNPs on the HumanCNV370-Duo Bead Chip, we performed a QT regression on the imaging phenotype in the discovery sample. Using the PLINK permutation procedure for QTs we identified statistically significant results. PLINK (http://pngu.mgh.harvard.edu/purcell/plink/) 44 performs a regression-like approach for QTs, using either an asymptotic (likelihood ratio or Wald tests) or an empirical significance test for each SNP analyzed. To control for the risk of false positives, we calculated the empirical P-value for association significance with permutations; for each individual SNP we exchanged labels across the different quantitative values, and using the adaptive permutation algorithm of PLINK, we determined the empirical significance for each SNP in the genotype analyses. With this procedure, the number of permutations performed is different for each SNP and is constrained to the observed significance 'raw' value for each SNP. The empirical permuted P-value refers to the proportional number of times that the permuted test passed the original significance value. We also permuted genotype assignments 550 000 times for all the SNPs that were included in the discovery sample analysis as a check on the individual SNP results, and observed that the smallest P-value by chance was P = 10 À5 , which is consistent with the individual SNP permutation results.
Case-control association analyses on the corroborative sample To determine the support of the results of the discovery sample, we focused only on the SNPs mapping the RSRC1 and ARHGAP18 genes, with 35 and 61 SNPs, respectively. A logistic regression analysis for small case-control samples, BINREG, 45 was used. BINREG incorporates a permutation procedure to control for false positives. Tables 1 and 2 provide the case-control results for comparison with the discovery sample.
Results
QT analyses on the discovery sample
Using the left hemisphere DLPFC summary statistic as the imaging phenotype, one gene, RSRC1 (arginine/ serine-rich coiled-coil 1), was identified as having at least one SNP whose QT analysis was significant at P < 10 -7 , with an empirical P-value of 10 -6 by permutation. We found that SNPs rs12696067, rs6803630 and rs1915935, all mapping within the RSRC1 gene on chromosome 3, significantly affected activation of DLPFC (BA46), with P-values of 10 (empirical by permutation 10 -6 ; Table 1 ). Of the 19 SNPs associated with RSRC1 in the Human 1 Array based on Build 35, 14 SNPs were significant by permutation testing of each SNP. An additional 31 SNPs for RSRC1 were evaluated using the HumanCNV370-Duo; 13 of those were also statistically significant. Thus, for the studied SNP data set, 27 of the 48 RSRC1 SNPs tested were significant by permutation testing of each SNP.
This BA46 imaging phenotype was also affected by SNP rs11154490 at a permutation significance level of P < 10 -5 . rs11154490 is one of nine SNPs on the Human 1 array that map the gene ARHGAP18 on chromosome 6 (Rho GTPase activating protein 18). Of the nine ARHGAP18 SNPs in the Human 1 Array (Build 35), four were significant by permutation testing. An additional 49 SNPs for ARHGAP18 were evaluated using the Human370CNV; 15 of those were also statistically significant by permutation testing (Table 2) .
Thus, 27 SNPs in RSRC1 and 19 in ARHGAP18 were significantly associated with activation in the DLPFC. Tables 1 and 2 show the results of the QT analysis using PLINK, as well as the corroborative results (see below). See Supplementary Tables S1 and  S2 for full results and Figures 1 and 2 for physical maps of the two genes.
Circuitry exploration
Our analysis based on a priori assumptions focused on measures of the left DLPFC activation as the primary imaging phenotype, and then considered imaging measures in other regions of interest in exploring biological plausibility. Examining the effect of the significant genetic locus (using permuted Pvalues) across other brain regions determines if the effect of that locus follows the pattern of known brain circuitry, or if it appears randomly across the brain. We measured the same summary statistic, a change in BOLD signal between the harder and easier memory load in the SIRP task, over each of an additional 11 ROIs for each subject, as for the DLPFC (BA46), and two control areas. The 11 ROIs were chosen based on the literature documenting their relationship to working memory and executive and cognitive functions, as well as anatomically connected circuitry. 15, 24, 46, 47 The hypothalamus and right uncus served as the control areas.
The brain areas significantly related to the polymorphic variation in SNPs that represent both genes appear to be involved in circuitry previously implied in schizophrenia, and not in the control areas. The circuitry areas include the left cortical areas BA46, 9, 8, 6, 7, the limbic lobe cortex, amygdala, as well as the right cerebellar cortex and dentate nucleus and, subcortically, the left thalamus, putamen and globus pallidus. Although BA7 is not part of the prefrontal system formally, it has strong direct interconnections with the dorsal prefrontal areas BA46, 9, 8. These brain areas are involved in several circuits relevant to schizophrenia including the 'prefrontal system' linking prefrontal and limbic cortices with associated crossed cerebellar, and thalamic and basal ganglia loops. 46, 48, 49 Thus, there is a consistent association between both genes and the prefrontal and dorsal neocortical circuits relevant to both the memory task and schizophrenia deficits.
In Figure 3 the distribution of permuted P-values is shown across a single portion of chromosome 3 and chromosome 6, by brain area. This figure shows multiple imaging phenotype results simultaneously. The pattern of peaks (low P-values) is localized to one area of chromosome 3 and one area of chromosome 6, and appears strongly in BA46 and functionally related brain areas, but not in the two control areas (right uncus and hypothalamus). The number of statistically significant SNPs in the depicted regions of approximately 7 and 2 million base pairs, respectively, is generally limited to the ARHGAP18 and RSRC1 genes, rather than randomly distributed.
Gene annotation
Gene ontology, canonical pathway and functional network analyses were executed using Ingenuity Pathways Analysis (Ingenuity Systems, Mountain View, CA, USA), Ensemble and SWISSPROT (http://ca.expasy.org/sprot/) tools; these indicated a potential DNA binding property and physical interaction with growth differentiation factor 9 precursor (GDF9) of the RSRC1 gene product. The dbSNP database (http://www.ncbi.nlm.nih.gov/projects/SNP/ index.html) revealed intronic localization in the gene for the SNPs, respectively.
Exploring the same genetic databases revealed poor annotation for the three most significant SNPs that related to BA46 within ARHGAP18, rs11154490, rs9372944 and rs9388724. We found all to be intronic. Given that ARHGAP18 belongs to the RhoGAP family, members of this family may control aspects of synapse function. The ARHGAP18 gene products such as Rho GTPases are linked to RAS and EGFRmediated proliferation, migration and differentiation of forebrain progenitors (EGFR, epidermal and transforming growth factor-a growth factor receptors Abbreviations: NA, not genotyped; QT, quantitative trait; MAF, minor allele frequency; OR, odds ratio; CI, confidence interval. The four columns on the left represent the findings from the discovery sample using a quantitative trait analysis and the five columns on the right are the finding from the corroborative sample using a case-control analysis for the identical SNPs. Uncorrected P-value represents the probability of the likelihood ratio test between the models with and without the SNP. Empirical P-value represents the permutation-determined P-value (analyses performed using PLINK); OR with 95% confidence interval; P-value (permuted) represents the BINREG case-control logistic regression. Tinted areas indicate statistical significance and bold text indicates SNPs positive in both QT and case-control analyses.
(erb B) 50 ). In addition, based on in silico analyses both genes have a function in dopamine, glutamate and fibroblast growth factor receptor signaling.
Corroboration in an independent case-control sample To establish if our method of gene discovery using brain imaging as a quantitative phenotype could successfully identify genes related to schizophrenia, we tested the most promising genes discovered (RSRC1 and ARHGAP18) in an independent casecontrol study collected by the FBIRN consortium (www.nbirn.net). The statistically significant RSRC1 and ARHGAP18 SNPs from the discovery sample were analyzed in a case-control design, using a logistic regression analysis for small samples that included a permutation procedure to determine significance threshold P-value for each SNP (GLM BINREG 45 ). Genotyping data were available for 17 of the 27 positive discovery sample SNPs for RSRC1 and for 18 of the 19 positive SNPs for ARHGAP18. Of the 17, 13 RSRC1 SNPs tested and 6 of the 18 ARHGAP18 SNPs tested were significantly associated with a diagnosis of schizophrenia in the corroborative sample, substantiating a function of RSRC1 and ARHGAP18 in the genetics of schizophrenia (see Figure 4 for summary; Tables 1 and 2 ). These significant SNPs in the logistic regression (P-values shown in the table) demonstrate the value of the imaging genetics approach in identifying genes associated with the disorder. These findings highlight the ability of our method using a quantitative brain imaging approach to identify genes related to schizophrenia.
Discussion
Imaging genetics provides a powerful method for identifying genetic variations that affect a QT of interest in neuropsychiatric populations. Admittedly, this method excludes genes or polymorphisms that do Abbreviations: NA, not genotyped; QT, quantitative trait; MAF, minor allele frequency; OR, odds ratio; CI, confidence interval. The four columns on the left represent the findings from the discovery sample using a quantitative trait analysis and the five columns on the right are the finding from the corroborative sample using a case-control analysis for the identical SNPs. Uncorrected P-value represents the probability of the likelihood ratio test between the models with and without the SNP. Empirical P-value represents the permutation-determined P-value (analyses performed using PLINK); OR with 95% confidence interval; P-value (permuted) represents the BINREG case-control logistic regression. Tinted areas indicate statistical significance and bold text indicates SNPs positive in both QT and case-control analyses. not influence differences in brain area activation, or the particular imaging phenotypes chosen. On the other hand, structural and functional brain imaging provide sensitive quantitative and objective measures of brain function in neuropsychiatric illness. Brain development, structure and function are heritable and have strong genetic influences. Using an imaging phenotype has face validity and biological relevance as it constrains the GWAS analyses. Studies of schizophrenia must consider potential medication effects. Manoach 21 in reviewing fMRI studies in schizophrenia pointed out that working memory deficits are observed in medicated, unmedicated and medication-naïve patients as well as their siblings, concluding that such deficits are present regardless of medication 22, 23 and have at least, in part, a genetic basis. Using the Sternberg working memory task as activation in an fMRI twin study of schizophrenia and healthy controls, evidence was found for both the behavioral and fMRI measures being heritable traits. 24 Using the same task in schizophrenia, BOLD activation patterns involving the DLPFC differed by DRD1 genotype despite equivalent memory performance. 25 The degree of heritability has yet to be defined although working memory performance decreased with increasing genetic load among schizophrenic twins discordant for schizophrenia and control twins. 26 The Sternberg task-related abnormalities are found in the relatives of persons with schizophrenia as well as in the patients both on medication, and with no medication, which is also consistent with a heritable trait. 21, 27 We address the issue of false positives, always a concern in such high-dimensional data, from both statistical and biological viewpoints. The imaging data are summarized by averaging BOLD activation over an atlas-determined ROI. The primary ROI of interest, the DLPFC was chosen a priori. The hundreds of thousands of imaging-genetic analyses are corrected for chance findings by permutation tests. 51 The anatomically and/or functionally connected regions in the brain should show a similar pattern of genotype influence. This is not a statistical consideration, but a biologically driven one. Finally, Figure 2 Physical map of the single nucleotide polymorphisms (SNPs) associated with ARHGAP18 in the discovery sample produced by WGA Viewer. 72 See Figure 3 legend for description. The clustering pattern of primarily blue and yellow squares indicate minimal linkage disequilibrium (LD) between the SNPs studied. This indicates relative statistical independence between the SNPs analyzed in the discovery sample. The association of these SNPs with the quantitative phenotype strengthening the proposed relationship of the ARHGAP18 gene with schizophrenia.
these SNPs identified in an Imaging Genetics analysis become candidates which must be replicated in an independent sample.
We have provided a proof of concept of this novel approach using activation in the left DLPFC as a quantitative phenotype. The Imaging Genetics analyses included massively parallel analyses of all 105 950 SNPs in conjunction with summary imaging results. We picked an ROI based on known differences between patients and controls from the published literature. 22, 23, 28, 29, 33, 48 This ROI, used as a quantitative phenotype, identified genes which were previously unlinked to schizophrenia through molecular hypotheses-and these genes showed casecontrol differences in an independent sample, where they would never have been considered using a standard candidate gene approach.
The QT can be determined based on the literature as in this study or can be empirically derived. In the latter application, the brain imaging patterns between the patient population and normal healthy controls in the data set are contrasted to allow a choice of ROIs that best distinguish the groups. We then generate summary measures on activation patterns in those ROIs for each patient and each control subject. The SNPs that influence these brain activation quantitative phenotypes are identified through a series of GLM calculations. The statistical approach is built upon a GLM that combines imaging phenotypes, disease diagnosis and genetic data in a single model:
The value of this latter application is that it includes the diagnosis-by-genotype interaction, as well as the ability to add additional terms for gene-gene interactions. The GLM models the effect of each SNP with the brain activation measure as the dependent variable. Significance of the interaction effect is determined through permutation testing or other appropriate methods. The genotype-diagnosis interaction represents disease effects on the neuroimaging phenotype that are influenced by normal genetic variation, thus, the conceptual fusion of the interaction between imaging and genetics by diagnosis. It is more than the additive effects of these domains, but rather their interaction, modeled explicitly in the analysis. The correction for multiple testing is an ongoing point of research. The BOLD activation is a summary score of the activation of all imaging voxels in the designated ROI chosen for the dependent variable or QT. The most conservative Bonferroni correction is not appropriate to SNP data as they typically do not meet the assumption of independence of multiple tests. Other methods used to correct for the risk of falsely concluding for a positive association, that is increasing the risk of the frequency of false positives, range from the Benjamini-Hochberg proposal 52 adapted for genome analyses by Storey and Tibshirani 53 with their FDR 'correction', to the Nyholt 54 and Meng et al. 55 methods that consider the dependency across SNPs. Some methods however, like Nyholt's and Meng's, are well-suited for a 'small' SNP set, for example as SNPs across a gene or in a chromosomal region, but are not easily generalizable to whole genome association studies. Other methods establish a sample-based significance threshold by a permutation approach. 8, 56 Any correction for type I errors should be balanced with the risk of increasing the false-negative results. We used permutation testing, as it makes no assumptions regarding independence of tests and uses the sample being tested to empirically determine appropriate statistical thresholds. 8, 29 Permutation is a preferred method for determining the likelihood of chance findings; the advantages are discussed in Hirschhorn and Daly, 8 Balding, 57 Dudbridge and Koeleman. 58 There are six published GWAS in schizophrenia. 32, [59] [60] [61] [62] [63] For the most part these studies have not studied the SNP panels that we studied and were not sufficiently powered to confirm our findings. Only the study by Kirov et al. used the same SNPs profile and of the other studies only two of our positive ARHGAP18 SNPs were overlapping. Each of these GWAS has identified 1 or 2 genes (SNPs) that have passed genome-wide significance. None of the studies provide data or P-values below the genome-wide significance levels for the overlapping RSRC1 and ARHGAP18 SNPs that were positive in our study. The actual P-values are necessary to confirm our finding for these two genes that do not require the genomewide threshold of significance for testing the entire genome.
Up to half of all genes are expressed in the brain (assuming 22-25K genes). Any or all of the SNPs tested in this GWAS could correlate with brain activation. We expected to find some clearly spurious results identifying genes that are not expressed in the brain. Empirically, we have determined that this is a relatively rare event in this data set. The top eight most significant results, implicate the same two genes. Most of the analyzed SNPs were not related to task-specific brain activation used in this study. Further, investigation of gene annotation shows all the significant SNPs represent genes that are expressed in the brain, providing additional face validity.
The sign of the regression coefficient is positive for 17 of the 19 b-coefficients for the 19 SNPs in RSRC1 or AHRGAP18 that are significant for both the discovery and the case-control samples. A positive coefficient means that the minor allele increases the phenotype mean, in the QT analysis. An increase in the phenotype mean implies that those subjects with the minor allele activate their DLPFC more than those without the minor allele. Schizophrenia subjects are expected to have a greater deviant activation, that is, less activation with a comparatively high memory load than controls; therefore having less of the minor allele than healthy controls. This is precisely what was observed in the case-control analyses. Plenge et al. 64 interpreted similar observations as 'the minor allele was associated with protection', but this interpretation is premature in our study. It is important to emphasize that SNPs on the Illumina chips used in our study were primarily chosen because they are tagging SNPs and not necessarily causal or coding SNPs. More detailed investigations of the areas identified by these tagging SNPs are needed to investigate which SNPs are causally linked to schizophrenia and to determine their functionality.
The results of the discovery and corroborative sample analyses are intriguing in several ways. Brain regions connected to left DLPFC (BA46) also showed a significant influence of RSRC1 and ARHGAP18 SNPs on brain activation measures, as shown in the figures, whereas control brain areas do not. These anatomically connected areas have several interesting Figure 4 Summary of the statistically significant single nucleotide polymorphisms (SNPs) associated with RSRC1 and ARHGAP18 in the discovery and corroborative samples. The top rectangles indicate the number of statistically significant SNPs from those that were tested in the discovery sample using brain imaging as a quantitative phenotype. Seventeen of the positive RSRC1 SNPs and eighteen of the positive ARHGAP18 SNPs from the discovery sample were measured in the Corroborative sample. The lower rectangles indicate the number of these SNPs that were also statistically significant in the casecontrol Corroborative study. The results for all SNPs in RSRC1 and ARHGAP18 are in Tables 1 and 2. features in common; all are neocortical regions that receive a dense dopamine innervation, all are highly interconnected with each other, and participate in a dorsal cortical circuitry that is consistently implicated in the etiology of schizophrenia, especially the DLPFC. 48 Interestingly, these areas are associated with dopamine function especially of the D1 receptor class. We have not, however, tested the effects of these genotypes on brain activation in healthy controls; that will have to be the topic of future studies.
ARHGAP18 gene products belong to the human RhoGAP family with approximately 80 RhoGAP proteins known to be encoded in the human genome. The RhoGAPs, GTPase-activating proteins have the ability to modulate Rho-mediated signaling pathways by controlling the balance between active and inactive Rho proteins. Rho proteins belong to the Ras superfamily that is composed of over 50 members divided into 6 families, including Ras, Sar, Rho, Ran, Rab and Arf. 65 They participate in an array of physiological processes, such as cell migration, intercellular adhesion, cytokinesis, proliferation, differentiation and apoptosis. 66 Rho GTPases are important regulators of the actin cytoskeleton and consequently influence the shape and migration of cells. GTPases of the Rho family are strong regulators of signaling pathways that link growth factors and/or their receptors to adhesions and associated structures. 67 One signaling pathway mediated by Ras is initiated by the EGF receptor (erb B epidermal growth factor receptor, EGFr), leading to cell proliferation. EGFr signaling can induce mitosis, proliferation, cell motility, differentiation and protein secretion. 68 EGFr is localized on subventricular neural progenitor (svz) cells in the fetal and adult lateral ventricles, and these progenitors give rise to forebrain neurons in development and after injury in the adult. 50 Thus, the ARHGAP18 gene products (Rho GTPases) are linked to Ras, and thus, to EGFr-mediated proliferation, migration and differentiation of forebrain progenitors. Therefore, our finding of ARHGAP18 SNPs related to DLPFC activation in schizophrenia is promising because schizophrenia has been linked to altered prenatal neurogenesis of cortical neurons, including those in dorsal prefrontal cortex. 30 In addition, ARHGAP18 is precisely contained within 6q22-24, which has been shown to be linked to schizophrenia.
69
RSRC1 is a unique marker of bone marrow-derived stem cells also expressing the cd34 marker. 70 The cd34 marker is also found in a proliferating population of the subventricular zone (svz) stem cell population in the human fetal forebrain. 71 Circulating bone marrow-derived cd34 stem cells can take up residence in subventricular niches in the developing and postnatal forebrain. These neural stem cells of the svz give rise to EGFr-responsive progenitors which can be induced to massively proliferate and migrate to lesion sites in the forebrain in the presence of transforming growth factor-a, which binds to the erb B EGFr receptor. 50 Thus, there may be an association between RSRC1 variants, and the cd34-positive hematopoietic and neural stem cells in the progenitors that give rise to forebrain neural development.
Taken together, the present finding of a highly significant association between ARHGAP18 and RSRC1 SNPs with schizophrenia is intriguing as both genes have a function in prenatal brain development linking hematopoietic and neural stem cell proliferation in the svz and migration to forebrain structures such as the dorsal cortical stream and associated limbic lobe, striatal and amygdaloid circuitry.
The approach described is a screening method that makes GWAS data usable and exploratory in preparation for future studies, for example molecular studies, expression and transgenic studies, and all other functional genomic approaches. It allows for completely novel SNPs to be identified as having a function in the disease phenotype.
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